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We report the observation of a novel nonlinear effect in the hard x-ray range. Upon illuminating
Fe and Cu metal foils with intense x-ray pulses tuned near their respective K edges, photons at
nearly twice the incoming photon energy are emitted. The signal rises quadratically with the
incoming intensity, consistent with two-photon excitation. The spectrum of emitted high-energy
photons comprises multiple Raman lines that disperse with the incident photon energy. Upon
reaching the double K-shell ionization threshold, the signal strength undergoes a marked rise. Above
this threshold, the lines cease dispersing, turning into florescence lines with energies much greater
than obtainable by single electron transitions, and additional Raman lines appear. We attribute
these processes to electron-correlation mediated multielectron transitions involving double-core hole
excitation and various two-electron de-excitation processes to a final state involving one or more L
and M core-holes.
The extremely high peak-brightness of x-ray free- elec-
tron lasers enables nonlinear resonant interactions to be
driven on time-scales shorter than typical femtosecond-
scale core-hole lifetimes. A number of nonlinear phenom-
ena have been reported in the gas phase, including Rabi-
oscillations [1] and multiple sequential ionization [2–4] as
well as both single-site [5] and double-site double [6] core-
hole formation. Other effects, such as two-photon ab-
sorption, [7–9] stimulated Raman scattering, [10–12] and
lasing [11, 13] have been reported in both gas and con-
densed phase. Non-resonant, non-sequential effects have
also been reported in solids including phase-matched sec-
ond harmonic generation [14], and two-photon Comp-
ton scattering [15]. In the latter case, the simultane-
ous inelastic scattering of two high-energy photons into
a high-energy photon showed an anomalously large red-
shift from the second harmonic compared to expectations
that it should behave like scattering from free-electrons
far from resonance [16, 17]. In addition to their funda-
mental importance, these phenomena open the possibility
of novel spectroscopies that combine structural informa-
tion and atomic specificity in ways that are inaccessible
for single photon interactions.
Here we report resonant two-photon inelastic x-ray
scattering from two different cubic polycrystalline metal-
lic foils: 6-fold coordinated (bcc) 3d ferromagnetic Fe and
12-fold coordinated (fcc) monovalent Cu. In each case we
excite with photons of energy from just below the rele-
vant single K-shell ionization threshold to well above the
sequential double K-shell threshold, and measure higher
energy photons below twice the input energy. Both met-
als show qualitatively similar results that we interpret
in terms of their atomic-like nonlinear response, as we do
not expect to resolve band structure effects in the current
experiment. We find the scattered high-energy photon
signal scales quadratically with the input intensity, con-
sistent with a perturbative two-photon absorption pro-
cess. The spectrum of emitted high-energy photons show
both dispersive and non-dispersive lines that we attribute
to double-core hole mediated resonant x-ray Raman and
two-electron one photon fluorescence (TEOP [18]). The
former is somewhat analogous to hyper-Raman scatter-
ing [19] although in our case the inelastic shift disperses
with the incident photon energy rather than twice the
energy. This can be considered as an anti-Stokes process
from a core-excited intermediate state where the excess
energy is taken up by one or more photo-electrons and
lines. In all cases both K shell electrons are excited and
subsequently de-excited, in the process.
The experiment was performed at Beamline 3 of the
SACLA x-ray free electron laser at the RIKEN institute
in Japan [20]. The experimental setup is sketched
in Fig. 1. The pulse, of bandwidth ≈ 30 eV and an
estimated 10 fs length is focused to 1.5 µm × 1.5 µm
(FWHM). The samples, Fe and Cu foils of thickness
5 µm (on the order of 1-2 absorption lengths), are
placed at the focus position. Two sets of harmonic
rejection mirrors were used with either 7.5 keV or 15
keV cutoff depending on the incident energy. The
average number of photons per pulse was up to ∼ 1010
in the fundamental with contamination of up to a few
hundred photons at the undulator second harmonic at
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2FIG. 1. (a) Setup of the experiment. An intense x-ray beam
focused by a Kirkpatrick-Baez (KB) mirror pair illuminates a
thin Fe or Cu foil. An area pixelated detector (MPCCD) and
four silicon drift detectors (SDDs) detect higher energy pho-
tons scattered by the sample. (b) Average number of photons
detected on the MPCCD per shot for the iron foil as a function
of incident x-ray energy near the K-egde (7.11 keV) around
the fundamental, close to the Kα line (red), and at higher
energies, close to the second harmonic (blue). (c) Intensity
dependence of scattered lower-energy (red) and higher-energy
signal (blue) on the MPCCD for Fe for incident energies of
7.2 keV for Fe (circles) and 9.5 keV Cu (squares). Errorbars
are smaller than symbols.
the sample location at the Fe K-edge. The resulting
intensity per pulse is ∼ 1017W/cm2, and the fluence
∼ 5 × 1017 photons/cm2. The fluence is sufficiently low
that we do not saturate the K-shell absorption, yet high
enough that the sample is destroyed in a single pulse;
the foils hence are continuously scanned, such that each
shot illuminates a fresh spot on the sample. We use
two sets of detectors, the first one being a Multiport
CCD (MPCCD) with 256× 512 pixels of 50 µm× 50 µm
size. It was positioned next to the sample at an angle
of 90◦ to the beam direction in the polarization plane,
with a distance of 20 cm from the focus. The MPCCD
has a very rough energy resolution of about 1 keV.
For enhanced energy resolution and a more detailed
insight into the physical origins of the signal, we use
four AMPTEK silicon drift detectors (SDDs) opposite
the MPCCD placed in 30◦ intervals (in the polarization
plane). The distance of the detectors from the sample
position is 20 cm, yielding a smaller solid angle than the
entirety of the MPCCD. The energy resolution is 200
eV around 14 keV. Both the MPCCD and the SDDs
were heavily shielded with aluminum to limit pile-up.
From the fundamental signal of 2.5 photons/shot spread
over 256× 512 pixels, we estimate the number of pile-up
events to be ∼ 10−5 per shot for the MPCCD, well
below the nonlinear signal. The pile-up of the SDD is at
least an order of magnitude below the relevant signal.
Figure 1 (b) shows the average number of photons
detected by the MPCCD per shot for the Fe foil as a
function of incoming photon energy from about 200 eV
below to 400 eV above the K-edge at 7.11 keV. The red
curve represents the average signal with energy near the
fundamental, close to the Fe Kα- and Kβ-lines and the
blue curve shows the average signal with energy near the
second harmonic of the incident beam. For simplicity
we will refer to these as the low and high energy sig-
nals. The Al shielding suppresses the Fe Kα by 7 − 8
orders of magnitude, while transmitting about 3 − 6%
in the higher energy area of interest. Both the low and
the higher energy signals rise sharply as we scan across
the K-edge. While the low energy signal slowly decreases
with increasing photon energy, the higher energy signal
shows a secondary rise as the input is tuned above 7.4
keV. This corresponds to the double K shell ionization
(DKI) threshhold [21], i.e. the energy at which the sec-
ond electron of the Fe 1s shell can be ionized (at 7.45
keV by Hartree Fock calculations [22]). Its threshold is
higher than the K-edge due to the stronger binding of
the remaining 1s-electron to the unscreened ionic core.
We attenuate the incident beam with Al filters to mea-
sure the intensity dependence of the signal. The results
are shown in Fig. 1 (c) for both Fe at 7.2 keV (circles)
and Cu at 9.5 keV (squares), well above its K-edge (8.98
keV). In each case, we display the low energy signal in red
and the high-energy signal in blue. In both Fe and Cu
the low-energy signal varies linearly with the incoming
intensity, and higher energy signal varies quadratically
with incoming intensity of the fundamental. Since the
filters have negligible absorption at the undulator second
harmonic, and we can similarly rule out pile-up, this in-
dicates that the higher-energy signal involves two-photon
excitation.
To resolve better the spectra of the emitted photons,
we turn to the data taken with the SDDs. The spec-
tra around the higher emitted energies are shown in
Fig. 2(a) for Fe and (b) for Cu. Both metals display
a rich set of features. For Fe excited above the K
edge two peaks appear at 12.6 and 13.3 keV. As the
incoming photon energy is increased, these peaks shift to
higher energies. This proceeds until the incident x-ray
photon energy reaches the DKI threshold beyond 7.45
3FIG. 2. Emission spectra for (a) Fe, and (b) Cu measured
with the SDDs for different incident photon energies (in-
dicated on the right), vertically displaced for clarity. The
dashed lines are a guide to the eye. The labels starting
with F or R correspond to the various nonlinear processes
described in the text. The higher energy features labeled 2H
and C are dominated by contamination from elastic scatter-
ing and Compton scattering of the residual undulator second
harmonic.
keV. At this point the two lines become nondispersive
which is indicative of fluorescence. They are however
centered at 12.9 and 13.65 keV respectively, considerably
higher than the binding energy for a single electron. In
addition, a smaller, less intense line seems to branch
off from the 13.65 keV line, again dispersing with the
incident photon energy.
The higher energy spectra for copper shown in Fig. 2
(b) are qualitatively similar to iron. Below the double K-
shell ionization threshold, which for copper is some 400
eV above the K edge, at 9.4 keV, we observe three dis-
persive lines. Above the threshold, we again observe two
fluorescence lines with energy well above the 1s binding
energy, as well as two smaller dispersive lines at higher
energies. In both Fe and Cu elastic (2H) and Compton
(C) scattering of the residual undulator second harmonic
appears at the high energy end of the spectra, especially
when excited above 7.5 keV, above which we used the
SACLA 15 keV mirrors which have limited rejection of
the harmonic near the cut-off. We interpret the nondis-
persive line above the DKI threshold as concerted two-
electron, one-photon (TEOP) transitions that simultane-
ously fill a doubly ionized K-shell mediated by electron-
electron correlations [23–26]. Similar lines were observed
in the 1970s in experiments on heavy ion bombardment
of Fe foils [27, 28]. Relativistic Dirac-Hartree-Fock cal-
culations give the average energy difference between the
|1s−2〉 and the |2s−12p−1〉 or |2s−13p−1〉 configurations
for Fe to be 12.98 and 13.67 keV, in agreement (within
the detector resolution) with our (Fig. 2(a)) as well as
previous data [26]. Here |ns−xmp−x〉 denotes a config-
uration in which x electrons are missing in shells with
the principal quantum numbers n and m. s and p corre-
spond to angular momentum quantum numbers l = 0, 1
respectively.
In our case the double core hole excitation stems from two
photon excitation of two 1s electrons into the continuum,
leaving them with energies  and ′ and (predominantly)
angular momentum l = 1. In both cases radiative relax-
ation will occasionally occur by the 2s and 2p or 2s and 3p
electrons respectively decaying into the empty 1s shell by
a process involving direct Coulomb interaction with each
other or other electrons. In doing so they emit a photon
with constant energy Ex = Enp + Ems − EK − EKK .
Enp(Ems) are the binding energies of the electrons with
the principal quantum numbers n (m) and the angular
momentum quantum numbers l = 1 (0). EK and EKK
are the K edge energy and DKI threshold energy. The
process corresponds to the lines labeled with F-nsmp in
Fig. 2 and is depicted in Fig. 3 (b).
The continuum electrons remain spectators in the
TEOP process described above, i.e. they do not
contribute further, except for some Coulomb interac-
tions [23].
We attribute the dispersive lines that appear below the
DKI threshold (R-nsmp in Fig. 2) to a two-photon Ra-
man process analogous to the single-photon process seen
for excitation below the K-edge [29]. In our case, the
second x-ray photon is of insufficient energy to make a
real transition to the continuum — but it may excite a
virtual continuum electron, thus creating a virtual hol-
low atom, as indicated in Fig. 3 (a). The 2s and 2p
or 2s and 3p electrons may still decay into the 1s shell,
as in TEOP fluorescence, but the energy of the photon
they emit has to be smaller than the total energy differ-
ence between the configurations by energy conservation.
The dispersion is given as Ex = Enp + E2s + Eω − EK
where Eω is the energy of the incident x-ray photon.
This sub-threshold TEOP de-excitation process can be
viewed as a nonlinear, two-photon (in), two-electron Ra-
man transition. The scattered photon disperses with the
energy of a single incident photon and the excess energy
4is taken up by one of the photoelectrons. In this pro-
cess the continuum electrons also remain spectators. In
principle, however, they can become participators. As-
suming that excitations into the continut eneruum are
dipolar, the continuum electrons are p electrons. Sym-
metry requires the two-electron transitions to encompass
both s and p electrons [30]. A TEOP transition involving
the p-continuum electron of energy ′ and the 2s elec-
tron should result in an emitted photon with the energy
Ex = E2s −EKK −EK + ′. Of course, ′ −EKK = Eω,
leading to dispersion with the incident photon energy,
such as we saw below the DKI threshold. The energy of
the photon Ex that results from it will be larger than that
of the nondispersive lines. This process could explain the
origin of the dispersive lines above the DKI (R-nsp).
We plot the dispersion relations for the three processes
given above against the centers of mass of the spectral
peaks in Fig. 4 (a) and (b) for Fe and Cu respectively.
The binding energies were calculated by the Hartree Fock
method with relativistic corrections. Within the SDD
resolution of ∼200 eV, the expected dispersion agrees
nicely with the data.
We estimate the effective two-photon absorption cross-
section double core-hole generation in Fe using the mea-
sured F-2s2p lines and compare it to a rough calcula-
tion for the sequential process. The experimental es-
timate is similar to the approach used for two-photon
one-electron absorption in Zr [9] assuming a Gaussian
x-ray pulse in space and time with the focal area of
2.5 µm2 (pi/2(FWHM/
√
2log2)2)) and a pulse length
of 10 fs. The estimate yields an effective generalized ab-
sorption cross-section σ
(2),exp
DCH ≈ 2.7 × 10−53 cm4s, as-
suming isotropic emission, for a total signal of ∼ 0.015
photons/shot at 7.5 keV (obtained by integrating over
the |1s−2〉 → |2s−12p−1〉 (F-2s2p) transition line) for
9.5×109 incident photons, a detector quantum efficiency,
QE = 0.04 (including Al shielding). Furthermore, we
take the calculated branching ratio of double to single
electron fluoresence 2×10−4 from [23] as a higher bound
for TEOP fluorescent yield. The uncertainty in σ
(2),exp
DCH
is dominated by statistical uncertainties in the intensity
distribution of the focused x-ray pulse as well as uncer-
tainties in the theoretical calculations for the branching
ratio, which easily amount to an order of magnitude.
We obtain a theoretical estimate of σ
(2),th
DCH =
1
2σKτ1sσK ≈ 2.9 × 10−55cm4s, where σK = 3.33 ×
10−20 cm2 is the absorption cross-section for the neutral
Fe at 7.5 keV [31], the single core-hole lifetime τ1s ∼ 0.52
fs and we include a factor of 1/2 to account (approxi-
mately) for the reduced cross-section of the 1s−1 state
due to the presence of a single electron in the K-shell.
This is a factor of 90 smaller than the experimental cross
section. Additionally, the rough theoretical estimate does
not consider the details of the intermediate states or the
random temporal structure of the SASE pulse [5]. For
FIG. 3. In the R-2s2p process (a) an x-ray photon ejects
an electron from the 1s shell into the continuum with en-
ergy . A second 1s electron is then excited virtually. Inner
shell electrons decay into the 1s holes and emit a single pho-
ton that disperses with the incident energy. Energy conser-
vation dictates that the emitted photon energy is less than
the energy difference between the2s−12p−1 and 1s−2 double
core-hole configurations (with the photoelectrons taken up the
balance). In F-2s2p (b) above the DKI threshold the second
photon has enough energy to eject the second 1s electron, and
a fluorescence photon is emitted. The energy corresponds to
the energy difference between the double core configurations.
In the R-2sp process (c) the TEOP transition proceeds by
the concerted decay of one continuum eletron and on core
electron. Again, the energy of the emitted photon disperses
with the photon energy. In Fig. 2, this type of transition is
labeled .
comparison the experimental (theoretical) estimates for
the sequential double-core cross-section is about 6 (4)
orders of magnitude higher than that for the theoreti-
cal concerted two-photon single K absorption of Fe at
threshold [9].
We note that more accurate measurements of branch-
ing ratios and fluorescence photon energies of multi-core
hole atoms could be used to benchmark many-body and
relativistic descriptions for atomic physics [18, 32]. Also,
while the current experiments were performed at high
excitation densities that led to permanent damage of the
sample, the combination of higher resolution afforded by
transition edge sensors [33] and the higher repetition rate
of future FELs [34] point to the possibility for spectro-
scopic studies in the condensed phase. The sensitivity
to valence electrons afforded by such studies could prove
complementary to RIXS [35], especially in two-color ex-
citations where one photon is resonant near a transition-
metal L-edge and the second is well-above the edge. This
would allow for combined elemental specificity of low Z
L-edges with atomic-scale momentum resolution that is
not limited by the low energy of the L-edge.
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